ABSTRACT
INTRODUCTION
The PEMFC is a device that produces electrical power via oxidation and reduction half reactions that are separated in space. In this case, the fuel is hydrogen gas and the oxidant is ambient air. PEMFC systems have emerged as a possible replacement for internal combustion engines due to their efficiency, zero emission potential, and use of renewable fuels. Those used in transportation applications will experience unpredictable and widely varying power demand changes just like internal combustion engines in the majority of present vehicles. However, PEMFC systems are not currently cost effective; increasing their potential power density can improve their attractiveness. Moreover, hydrogen gas has a low density compared to liquid fuels, and even when pressurized can consume a significant volume. Thus it is advantageous to minimize the amount required for acceptable vehicle range. A simple way to accomplish these goals is to operate the PEMFC at its maximum allowed temperature. This has the effect of shifting the polarization curve upward; the reaction produces more power than at a lower temperature and requires no additional fuel or oxidant [1] .
Previous authors [2] [3] [4] have assumed that a controller is available to perfectly maintain the fuel cell at its operating temperature. Unfortunately, the fuel cell cooling management work to date has been focused on modeling rather than control [5, 6] . There has been past work in internal combustion engine thermal management [7] and heat exchanger [8] control. Engine thermal management methods may be applied but require modification since: a fuel cell cooling system has less actuators; nearly all of the fuel cell waste heat must be rejected by the cooling system unlike an engine which rejects most of its waste heat with exhaust; there is a smaller temperature difference between the powerplant and surroundings which makes heat rejection more difficult; and the fuel cell power output and working life are greatly influenced by its operating temperature so its precise control is imperative. Next, the heat exchanger control was developed with the assumption that the fluid to be cooled is maintained at a constant mass flow rate. This approach will waste valuable fuel cell power. Thus, it is of primary interest to develop a fuel cell cooling system controller and validate the assumption that the fuel cell temperature can be maintained without large excursions when subject to fuel cell output power changes and other disturbances.
The objective of the work presented here is to develop a linear controller (or series of them) that can regulate the coolant and cooling air mass flow rates in an effort to ensure that the fuel cell internal temperature is maintained at a set value in the presence of noise and disturbance. Also, it is desired to find a set of µ-synthesis weighting functions, dependent only upon the linearization point, which can always give a suitable controller. The use of a general form speeds series controller construction since it becomes only a matter of application. Furthermore, performance of the resulting controllers is evaluated with simulation.
MODEL DEVELOPMENT
A complete modern fuel cell system model intended for transportation applications has previously been developed and simulated by Meyer and Yao [9] . The complete model is composed of four submodels: anode control volume, cathode control volume, fuel cell body, and cooling system. The cooling system referred to in this work combines the previous cooling system submodel and a modified fuel cell body submodel. They are joined together since it is desired to regulate the body temperature with the cooling system actuators. The states T f c , T clt, f c , T clt,hex , T ha,hex , and T hex make up this new system. Their relationship is shown in Figure 1 . The original fuel cell body submodel is the T f c state nonlinear equation. States other than those listed here appear in it and their effect is lumped together in a disturbance term, d T f c . Sensor dynamics are not included since it is assumed that thin wire thermocouples are used; they can have a bandwidth over 300 rad/s [10] . The cooling system is in nonlinear state space form. To eventually apply µ-synthesis controller design it must be linearized. The linearized state space formulation models the response about an operating point:
where:
State matrices A and B are found from the linearized equations evaluated at a steady state operating condition. The non- linear equations that they are derived from are found in [9] . The complete fuel cell system nonlinear model at steady state can be solved optimally to minimize the sum of the pump and fan output mass flow rates. This method is required because the pump and fan control efforts solution is not unique. The optimal solution requires the following inputs: desired fuel cell body temperature; anode pressure; oxidant stoichiometry ratio; and current density. It is assumed that the body temperature is also the value that the cooling control system should maintain. This then leaves current density as the only free parameter expected to vary. It is not unreasonable to hold the oxidant stoichiometry ratio constant and anode pressure constant when the system has a low pressure oxidant supply. Therefore, the operating point to linearize about is chosen to be the steady state values at the midpoint of a current density range of interest. Nearly half of the terms of A and all those of B will change with the choice of a linearization point. Therefore, parameter uncertainty will be used to represent the expected variations of the linearized nonlinear terms in a range of operation. Each term's maximum and minimum parameter uncertainty is the upper and lower bound found in a current density range. The current density range is subdivided into 20 discrete points for finding these bounds at points other than the range endpoints. Remaining terms are kept at their nominal value.
The disturbance term, d T f c , is developed next. Fuel cell system optimal steady state solution values are used to compute the greatest disturbance magnitude in the current density range. The current density range is again subdivided into 20 discrete points. At each of these points the disturbance is evaluated with the current states and necessary terms from the linearized fuel cell body equation. The original nonlinear fuel cell body equation is not used directly since it is very difficult to separate out the effects of T f c and the states not considered here. The maximum d T f c is then referenced back to the original linearization point so that it is a state-like difference.
CONTROLLER DEVELOPMENT
µ-synthesis controller design is performed via D-K iteration. Detailed treatments can be found in [11] [12] [13] . µ-synthesis is well suited to the cooling system plant since it can create a linear controller that maintains robust performance in the presence of parameter and multiplicative input uncertainties. Robust performance means keeping the infinity norm of the weighted uncertain plant below one at all frequencies. This also gives closed loop robust stability; however, nominal stability must be checked separately. Parameter uncertainties contain the expected variations of the linearized nonlinear terms over a specified range of operation. Furthermore, one controller may not be able to satisfy the robust performance criteria over the entire current density with the weighting functions developed. Therefore, linear controllers may be designed for specific current density segments in which µ-synthesis leads to a robustly performing closed loop. Naturally, the resulting controllers would be scheduled with the present current density operating point. Figure 2 shows the weighted uncertain design plant used. Table 1 defines the various inputs and outputs pictured. The uncertain plant, P unc , contains both an augmented nominal plant which allows parameter uncertainties to be pulled out and weighted plant actuator input uncertainties. Each actuator input has an uncertainty weighting function. A typical uncertainty weighting is less than 10% at steady state while increasing to 200% at higher frequencies [11] . In this instance, error is assumed to be initially 5%, rising to 200%. The crossover frequency for the weights is chosen to be 20 rad/s. This corresponds to the first order response minimum break frequency of the linearized fan actuator dynamics found over the entire working range. For simplicity, both actuator input channels are assumed to have the same multiplicative uncertainty weighting function. This may be viewed as a conservative choice for the pump input channel. The resulting transfer function matrix is:
The remaining weighting functions are developed through system knowledge and performance guided iteration. Their general form is not specific to any current density range. W dist is the disturbance weighting function which scales the normalized input disturbance d 1 up to the maximum expected value and shapes its frequency content. A driver that tries to match the speed of other vehicles in traffic will typically have a velocity command to vehicle response closed loop bandwidth between 0.21 and 0.37 rad/s [14] . Furthermore, it is not unreasonable to expect step-like throttle changes as well. Thus, the disturbance scaling is passed through a 1 rad/s low pass filter. By giving the weighting function this structure, the resulting controller should be able to reject disturbances at the expected lower frequencies.
The noise weighting function is determined from the expected interference caused by the cooling system flow devices. Brushless DC systems can produce noise at a devices rotational speed; thus noise may only occur between the minimum and maximum flow device speeds expected over the entire current density range. ω pmp,min and ω pmp,max are 13.7 and 822.9 rad/s, respectively. ω f an,min is 3.7 rad/s and ω f an,max is 593.2 rad/s. Therefore, noise can usually be expected between 3.7 and 822.9 rad/s. However, to attenuate potential higher frequency disturbances the weighting function will not roll off at the maximum frequency. Also, the maximum T f c variation is considered to be constant throughout the noise frequency range. The magnitude of T f c variation here is thought to be reasonable but not based on a specific experimental setup. Furthermore, a safety factor is included in the hope that it will lead to better sensor noise rejection by the resulting controller. The weighting function acts as a high pass filter with an initial 40 dB/decade rise before reaching 3.7 rad/s. The choice of this slope indicates that sensor noise is expected to rise rather suddenly before reaching its final constant value.
Up to this point, the emphasis has been on input weighting functions, however the output weighting functions are also needed to shape a resulting controller. W act penalizes the use of control actuation. The fuel cell cooling system has two types of flow devices: coolant pump and heat exchanger cooling fans. The weighting functions penalize saturation as well as frequencies to avoid. The amount of remaining control actuation is found by subtracting the minimum in a current density segment from the overall maximum. Also, the actuator bandwidth is set between the disturbance and sensor noise break frequencies; it is chosen to be 2 rad/s. This should allow sufficient disturbance response as well as sensor noise attenuation. Bandwidth could have been chosen larger for both actuators. Linearization of flow device dynamics in [9] suggest that the coolant pump has a first order response maximum time constant of 300 −1 s while the cooling fan value is 20 −1 s. Each time constant is the maximum in the entire operating range. Unfortunately, use of these values would have conflicted with the need to attenuate the sensor noise. Also, a very fast negative pole is included to make each weighting function proper and stable. Finally, W per f is used to drive the performance variable to its desired value. Recall that the desired fuel cell body temperature is one of the operating point values that the system is linearized about. Therefore, the weighting function penalizes deviations of δT f c from zero with a pseudo-integrator weighting function [12] . More penalty is placed on deviation at lower frequencies for better step disturbance attenuation.
ε is a small number so that the weighting function approximates a pure integrator. A value of 0.01 is found to work here.
RESULTS
The maximum allowable mass flow rates of the coolant and cooling air are chosen as 5 and 10 kg/s, respectively. These are approximately 25% more than the expected fuel cell system steady state optimal solution values at the maximum fuel cell power peak current density of 1.5 A/cm 2 . This is the same solution method described earlier which minimizes the total cooling system effort. Choosing the maximum mass flow rates to be greater than their expected steady state values leaves some control authority for quick transient response. It is desired to control the fuel cell body temperature so that it remains at 367 K during operation. This temperature can only be reached when the fuel cell is operating above 0.24 A/cm 2 . Therefore, the current density range is [0.24,1.5] A/cm 2 . The range is covered by a minimum of seven controllers designed using the weighting functions presented. The current density segments and needed weighting function values are listed in Tbl. 2. The segments were identified by iteratively adjusting them until the resulting controller ensured a peak structured singular value µ upper bound less then one over all frequencies. The µ-synthesis controllers have full order of at least 31. A comparison of Hankel singular values led to a reduction to order eight for all. Each reduced order controller and associated nominal plant is closed loop stable.
The linear controllers are applied to the whole fuel cell system nonlinear model developed in [9] . The most recent current density value is used to select an appropriate cooling system controller. All control inputs other than the coolant and cooling air mass flow rates that the nonlinear model requires are simply set to their expected steady state optimal solution values at a specific operating point. Noise is generated at the lowest frequencies that the pump and cooling fan can be expected to be operating at in the present current density segment. The noise magnitude contributed by each is assumed to be 0.25 K so that the total cannot ever exceed 0.5 K. Three simulations are carried out to show system performance. The first is a step change from 0.25 to 1.5 A/cm 2 after 20 s to show response during a severe change in current density. The next is also a step; current density changes from 0.25 to 0.875 A/cm 2 at 20 s. This is half the current density change loop one is still 0.5 K below desired. It is also interesting that both the closed and open loop show a quick temperature rise of approximately 0.1 K at the step change before it falls off. This is mostly due to cooling system response dynamics but the oxidant supply dynamics also have an effect. They are part of the overall fuel cell model and are not detailed here. The oxidant supply dynamics produce a small but noticeable lag into oxidant delivery. Thus, the cathode exhaust does not carry away as much waste heat as it will after the lag. It is expected that the actuator values will then be updated in the closed loop. The controllers do not add integrators to the closed loop response, thus a small amount of error is not unreasonable. This step simulation has the same general trends that were seen with the previous step input. Open loop temperature response shows a maximum drop of 0.24 K and only recovers to within 0.21 K at the end of the simulation. Meanwhile, the closed loop response has almost no undershoot after the step and only overshoots the desired temperature by 0.13 K. It also is able to recover to within 0.008 K in approximately 20 s. Also, a small open loop body temperature spike of 0.06 K occurs at the beginning of the step change. The same reasoning from the previous results is also applicable to this. However, the continued increase of body temperature seen in the closed loop after the step change is most likely due to the controller response. Actuator response is also similar to that of the first simulation. The closed loop and open loop actuator final simulation values are different again. The coolant and cooling air mass flow rates differ by 0.08 and 0.10 kg/s, respectively. The same logic can be applied to explain this difference. The closed loop cooling fan actuation is much smoother than the previous simulation. It still has an overshoot of approximately 50% of final simulation value, but at least it does not saturate. Finally, both actuator responses in the closed loop simulation show controller rejection of the sensor noise.
With the designed controllers, the closed loop cooling system should attenuate disturbances up to 1 rad/s. Figures 7-8 are the respective temperature and actuator responses to a sinusoid current density disturbance from 0.25 to 1.5 A/cm 2 with a period of 0.4 rad/s. Only closed loop results are shown. The four large body temperature peaks at approximately 2, 18, 34 and 50 s lead operation at 1.5 A/cm 2 by roughly 2 s. The smaller peaks at approximately 10, 26, 42, and 58 s lead the 0.25 A/cm 2 disturbance by about 2 s also. The body temperature response shows only a maximum 0.26 K drop and 0.06 K rise from desired during the simulation. The controllers do not completely reject the disturbance but are able to attenuate it. Moreover, it can be readily seen that the desired actuator efforts progress through all of the different controllers. It is also apparent that the sensor noise is not impacting any controller in a meaningful way.
It is also possible to simulate the cooling system response from high to low current density. However, the results are not as interesting. Generally, the body temperature will initially fall a small amount,less than 0.4 K, and then begin to recover. Meanwhile, the flow devices go to zero and remain there until the body temperature nearly reaches its desired value.
CONCLUSIONS
A set of seven linear controllers has been successfully constructed with µ-synthesis and a linearized fuel cell cooling system. Parameter uncertainty has been used to capture linearized term variations that can occur at different evaluation points in a current density segment. It was found possible to design a common set of weighting functions that can be used within different current density range segments. These segments were then the only design parameter left for each controller. This greatly simplified the construction of an entire series of scheduled controllers. Also, the fuel cell body temperature showed at most 0.1% variation during closed loop simulation when subject to the most severe current density step changes. Open loop simulation showed 0.2% variation during the same test. However, even though open loop control gives similar results, near perfect plant knowledge is required. It is anticipated that the open loop control results will not be nearly so comparable in actual usage. The closed loop sinusoidal current density disturbance simulation results also show very little deviation from the desired body temperature. Therefore, it is not unreasonable to assume then that the body temperature is constant when cooling system closed loop control is active. The fuel cell body temperature dynamics will only need to be considered outside of the cooling system when it is inactive. Keeping the cooling system off below a certain threshold will increase the net power from the fuel cell since the coolant pump and cooling fans are parasitic devices. Finally, the coolant flow rate does not saturate during any of the simulations. It may be worthwhile to explore whether or not the pump size can be reduced. A reduction of the pump's maximum flow rate will most likely lower the cost and mass penalty associated with it. Unfortunately, it will also change the pump actuator weighting function and require the creation of a new set of controllers.
Future research should include the application of the designed controllers to an experimental setup to ensure they perform as well in actuality as in simulation. This will also let realistic comparisons to open loop control to be made.
